Abstract. Cisplatin [cis-diamminedichloroplatinum II (CDDP)] is one of the most classical and effective chemotherapeutic drugs for the treatment of cancers including lung cancer. However, the presence of cisplatin resistance in cancer lowers its curative effect and limits its usage in the clinic. The aim of the present study was to investigate the underlying mechanisms of cisplatin resistance in lung cancer involving endoplasmic reticulum (ER) stress and autophagy. In the present study, we detected the effect of cisplatin on cell viability, ER stress and autophagy in lung cancer cell lines A549 and H460. We also tested the effects of ER stress and autophagy on apoptosis induced by cisplatin. The results showed that cisplatin induced apoptosis, ER stress and autophagy in lung cancer cell lines. In addition, the inhibition of ER stress by 4-phenylbutyric acid (4-PBA) or tauroursodeoxycholic acid sodium (TUDC) enhanced cisplatin-induced apoptosis in the human lung cancer cells. Meanwhile, combination treatment with the autophagic inhibitor 3-methyladenine (3-MA) or chloroquine (CQ) further increased the apoptosis induced by cisplatin in the human lung cancer cells. The present study provides a novel treatment strategy -cisplatin in combination with an autophagic inhibitor or an ER stress inhibitor leads to increased apoptosis in human lung cancer cells.
Introduction
Cisplatin is widely considered as one of the most effective chemotherapeutic drugs for the treatment of cancers including lung cancer (1) . However, cisplatin resistance of cancer cells remains an obstacle to successful chemotherapy (2) . The mechanisms of cisplatin cytotoxicity include DNA damage and inhibition of DNA synthesis in cancer cells, which subsequently prevent or enhance cancer cell death through activation of various signaling pathways including endoplasmic reticulum (ER) stress and autophagy (3) .
Recent studies have shown that ER stress has a dual role, either promoting cell survival or triggering cell death depending on an imbalance between ER protein folding load and capacity (4, 5) . ER is responsible for two key functions in eukaryotic cells, namely protein processing and intracellular calcium storage. ER stress is triggered under various physiological and pathological conditions, such as exposure to chemotherapeutic agents and accumulation of misfolded proteins (6, 7) . However, accumulation of misfolded proteins in ER lumen resulting in ER stress causes the unfolded protein response (UPR) to initiate the expression of chaperones and proteins, such as glucose-regulated proteins [e.g. 78 kDa glucose-regulated protein (GRP78)], calreticulin, calnexin and several folding enzymes [e.g. the thioredoxin-like protein disulfide isomerase (PDI)] (8) . Moderate ER stress promotes cancer cell survival and enhances chemotherapeutic resistance, however, severe ER stress leads to cancer cell apoptosis (9) . Moreover, to alleviate ER stress, the UPR signaling may activate autophagy to clear the accumulated misfolded proteins from the ER lumen (10) .
Autophagy plays an important role in cell metabolism, and it can degrade intracellular macromolecules and damaged organelles to maintain cell homeostasis (11) . Besides its cytoprotective role in regulating protein homeostasis, autophagy is associated with cell apoptosis as a form of programmed cell death (12) . Recent research shows that cisplatin triggers autophagic cell death by damaging DNA replication (13) , but chemotherapeutic drugs, including cisplatin, could induce autophagy to promote drug resistance in cancers (14) . The effect of autophagy on apoptosis induced by cisplatin in lung cancer cells has not been fully understood.
In the present study, we found that cisplatin induced apoptosis, autophagy and ER stress in lung cancer cell lines. Interfering ER stress by exposure to 4-phenylbutyric acid (4-PBA) or tauroursodeoxycholic acid sodium (TUDC) enhanced the cytotoxicity induced by cisplatin in human lung cancer cells. Similarly, the autophagic inhibitor 3-methyladenine (3-MA) or chloroquine (CQ) promoted cisplatin-induced apoptosis in human lung cancer cells via inhibition of autophagy. Therefore, our data suggest that ER stress and ER stress and autophagy are involved in the apoptosis induced by cisplatin in human lung cancer cells Mitochondrial transmembrane potential (MMP) assay. The disruption of MMP was measured using fluorochrome dye 1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) staining according to previously reported procedures (15) . A549 and H460 cells were treated with or without different concentrations of cisplatin for 24 h. Then, the cells were harvested and stained with 20 µM JC-1 for 30 min at 37˚C under dark conditions. Next, the cells were washed and resuspended with cold phosphate-buffered saline (PBS) for fluorescence. In addition, the wavelength was measured using a fluorescence plate reader with an excitation wavelength at 590 nm and an emission wavelength at 540 nm. According to the ratio of fluorescence intensities at 590 and 540 nm, the loss of mitochondrial membrane potential (MMP) was assessed.
Western blotting. After treatment with cisplatin alone or in combination, the cells were washed twice with cold PBS and then 120 µl of RIPA buffer was added. Cell lysates were sonicated for 5 sec on ice and then static at 4˚C for 45 min. After centrifuging at 3,000 x g for 15 min, protein concentrations were measured using the BCA protein assay (Pierce, Rockford, IL, USA). Samples of extracted proteins were boiled for 10 min at 100˚C, and equivalent amounts of proteins (30-90 µg) were separated by electrophoresis using Criterion TGX Precast 12% gels and transferred onto Trans-Blot Turbo Midi PVDF Transfer Packs (Whatman, Maidstone, UK). The membranes were blocked with 5% (w/v) skimmed milk for 1 h at room temperature, and then proteins were detected by specific primary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA): activated caspase-3, PARP, GRP78, cytochrome c, PERK and ERE1 overnight at 4˚C, followed by incubation with horseradish peroxidase-conjugated secondary antibodies (1:2,000; Sigma) for 2 h at room temperature. The levels of proteins were quantified using Quantity One software (BioRad, Hercules, CA, USA).
Flow cytometric analysis.
After the A549 and H460 cells were treated and incubated with the drugs, the cells were digested by 0.25% trypsin, and then cell death was determined using propidium iodide (PI; 1 µg/ml) and Annexin v-FITC (1 µg/ml; Invitrogen). After a 15-min incubation at 37˚C, the samples were detected using a FACScan flow cytometer (BD Biosystems, San Jose, CA, USA). All experiments in the present study were performed in triplicate.
Statistical analysis. All data were analyzed using the t-test. P<0.05 was considered to indicate a statistically significant difference. Data in the present study are representative of three independent experiments performed in triplicate.
Results

Cisplatin inhibits the cell proliferation of human lung cancer A549 and H460 cells.
Human lung cancer A549 and H460 cells were treated with varying doses of cisplatin for 24 h, and then the cell viability rate was examined by MTT assay. According to the results, we found that cisplatin inhibited A549 and H460 cell proliferation in a dose-dependent manner ( Fig. 1A and B) . Meanwhile, the cell death of the treated A549 and H460 cells was assessed via measuring the leakage of LDH. The result showed that the level of LDH was obviously increased in the A549 and H460 cells treated with cisplatin, and cisplatin significantly increased the release of LDH in a dose-dependent manner ( Fig. 1C and D) . These results indicate that cisplatin inhibited the cell growth of human lung cancer A549 and H460 cells.
Cisplatin induces human lung cancer A549 and H460 cell death by mitochondrial-pathway apoptosis.
After treatment with cisplatin, we next aimed to ascertain the mechanism involved in the cisplatin-induced apoptosis of human lung cancer A549 and H460 cells. Compared with the control, the apoptotic rate was obviously increased in the A549 and H460 cells following treatment with 10, 20 and 40 µM cisplatin which was detected by flow cytometric analysis ( Fig. 2A and B) . Meanwhile, we assessed the apoptotic effects of cisplatin on A549 and H460 cells, through examination of the activation of caspase-3 and PARP using western blotting. The levels of activation of caspase-3 and PARP were significantly increased in the A549 and H460 cells following treatment with cisplatin ( Fig. 2C-F) . To assess the exact mechanism of cisplatin-induced apoptosis, we detected the intrinsic mitochondrial-mediated apoptotic pathway in the A549 and H460 cells. As shown in Fig. 3A and B, cisplatin obviously reduced the mitochondrial potential in the A549 and H460 cells treated with cisplatin. In addition, cisplatin upregulated the level of cytosolic cytochrome c in the A549 and H460 cells (Fig. 3C-F) . These results indicated that cisplatin signifi-cantly induced the apoptosis of A549 and H460 cells through the intrinsic mitochondrial apoptotic pathway.
Cisplatin induces ER stress in human lung cancer A549 and H460 cells. To further assess whether ER stress is associated with the mechanism of cisplatin-induced apoptosis in human lung cancer A549 and H460 cells, we examined expression of ER stress proteins in the cells following treatment with cisplatin. After A549 and H460 cells were treated with 10, 20 and 40 µM cisplatin for 24 h, we detected the expression of Grp78, an ER stress marker. Using western blotting, we found that the expression of Grp78 was increased in the A549 and H460 cells treated with cisplatin ( Fig. 4A-D) . When ER stress is induced, it triggers the UPR to respond to environmental factors. Thus UPR regulates the expression of the ER stress sensor protein PKR-like ER kinase (PERK), and the inositol-requiring enzyme 1 (IRE-1). As shown in Fig. 4E -H, expression of ER stress-associated proteins PERE/IRE1 were increased in the A549 and H460 cells following treatment with cisplatin. These results demonstrated that ER stress was induced in the A549 and H460 cells following treatment with cisplatin, and that this was regulated by the PERK and IRE1 pathway.
ER stress is involved in cisplatin-induced apoptosis in human lung cancer A549 and H460 cells. We next wanted to examine the relevance of ER stress in cisplatin-induced apoptosis in human lung cancer A549 and H460 cells. We used ER stress inhibitors 4-PBA and TUDC to alleviate ER stress in the A549 and H460 cells treated with cisplatin. Using MTT assay, we found that inhibition of ER stress effectively decreased the cell viability of the cisplatin-treated A549 and H460 cells at 24 h (Fig. 5A and B) . Consistent with the inhibition of cell viability, inhibition of ER stress significantly enhanced the cell apoptosis of the cisplatin-treated A549 and H460 cells at 24 h (Fig. 5C and D) . Then, we examined the expression of apoptosis-associated proteins, cleaved caspase-3 and cytosolic cytochrome c. According to the results, activation of caspase-3 was obviously upregulated, and the level of cytosolic cytochrome c was also significantly increased (Figs. 5E and F and 6A-F). These results demonstrated that cisplatin can induce ER stress, and inhibition of ER stress increased the apoptosis in the A549 and H460 cells treated with cisplatin.
Cisplatin induces the activation of autophagy in human lung cancer A549 and H460 cells.
In addition to regulating ER stress, we also found activation of autophagy in the A549 and H460 cells treated with cisplatin. Thus, we examined the expression of the protein Beclin 1, which is required for autophagy. After A549 and H460 cells were treated with 10, 20 and 40 µM cisplatin for 24 h, we found that expression of Beclin 1 was significantly upregulated in the A549 and H460 cells (Fig. 7A-D) . Next, LC3, a molecular marker of autophagy, was assessed. We found that the ratio of LC3 II/LC3 I was high in the A549 and H460 cells treated by cisplatin (Fig. 7A-D) . These results demonstrated that autophagy was induced by cisplatin in the A549 and H460 cells.
Inhibition of autophagy enhances cisplatin-induced cytotoxicity in human lung cancer A549 and H460 cells.
The previous results demonstrated that cisplatin induced activation of autophagy and apoptosis. However, the mechanisms of autophagy and apoptosis are still unclear, but important in cancer treatment. Next, we explored whether there was a relationship between autophagy and apoptosis in the A549 and H460 cells treated with cisplatin. To clarify the action of autophagy in the A549 and H460 cells treated with cisplatin, we used two different autophagy inhibitors, 3-MA (which inhibits the initiation of autophagy) and CQ (which blocks the fusion of autophagosomes and lysosomes). As shown in Fig. 8A -D, we found that combination of 3-MA or CQ and cisplatin further decreased the cell viability and induced the cell apoptosis of A549 and H460 cells. When we inhibited autophagy by 3-MA and CQ, we found that the level of apoptosis-associated proteins, activated caspase-3 and cytosolic cytochrome c, were obviously increased in the A549 and H460 cells treated with cisplatin (Figs. 8E and F and 9A-F). These results suggest that inhibition of autophagy enhanced cisplatin-induced cytotoxicity and apoptosis in the human lung cancer cells.
Discussion
Lung cancer is one of the most common malignancies, and cisplatin is often used as a first-line chemotherapeutic agent in cancers including lung cancer. However, lung cancer cells become resistant to cisplatin and it is an obstacle in clinical treatment (16) (17) (18) . Numerous studies have shown that cisplatin induces the mitochondrial apoptosis pathway by disturbing mitochondrial potential, thus resulting in a caspase-dependent intrinsic pathway (19) (20) (21) . Recent studies show that cisplatin induces ER stress as well, and sustained and severe ER stress results in activation of caspase-mediated apoptosis in cancers (22, 23) . However, the exact mechanisms of cisplatin-induced cell death in human lung cancer cells are not fully understood. Consistently in the present study, we found that cisplatin triggered the apoptosis of human lung cancer A549 and H460 cells through classic caspase-mediated apoptosis. Cisplatin also altered mitochondrial potential, thus leading to activation of mitochondrial apoptotic pathways through classic cytochrome c and caspase-3. ER is a key organelle with protein processing, intracellular calcium storage, as well as crucial biosynthetic and signaling regulation functions in eukaryotic cells (24) . When destroying an imbalance between ER protein folding load and capacity in different physiological and pathological conditions, such as cisplatin, this results in accumulated unfolded proteins of ER lumen, known as ̔ER stress̓. ER stress can initiate cell UPR, which regulates the expression of ER molecular chaperone GRP78/Bip, the ER stress sensor protein PERK, the inositol-requiring enzyme 1 (IRE-1). Mild to moderate ER stress promotes cell survival through UPR to alleviate ER stress (25) . In addition, it has been proven that human lung cancer cells can acquire cisplatin-resistance via ER stress (26) .
However sustained and severe ER stress or inhibition of ER stress leads to cell death in some cancers including lung cancer (27) . However, the exact function of cisplatin-induced ER stress is not fully defined. In the present study, we demonstrated that cisplatin induced ER stress through the expression of GRP78, IRE1 and PERK. However, we could not detect the expression of ER stress associated protein CHOP. It may be due to the low level of the ER stress induced by cisplatin which could not induce ER stress-associated apoptosis. When we blocked ER stress by ER stress inhibitors 4-PBA or TUDC, cytotoxicity and apoptosis were obviously increased in the human lung cancer A549 and H460 cells treated with cisplatin. Besides ER stress, it is reported that some antitumor agents can induced autophagy (28, 29) . Meanwhile, some studies showed that UPR signaling may activate autophagy to alleviate ER stress through the PERK signaling pathway (30) .
Autophagy is an intracellular metabolic system in eukaryotic cells, in which autophagosomes fuse with the lysosome, and degrade intracellular materials to maintain cell homeostasis (31) . various studies have shown that activation of autophagy protects cells from cisplatin-induced apoptosis, allowing cells to alleviate ER stress, consequently causing cisplatin resistance (14, 32) . However, the role of autophagy in human lung cancer cells treated with cisplatin is still not clear. According to the expression of LC3 and Beclin 1, we demonstrated that cisplatin induced autophagy in human lung cancer A549 and H460 cells. However, it is unclear whether activation of autophagy protects cells from cisplatin-induced apoptosis or leads to cell death in human lung cancer cells. Our results showed that inhibition of autophagy by 3-MA or CQ enhanced cisplatin-induced apoptosis in human lung cancer A549 and H460 cells by triggering the mitochondrial-apoptosis pathway. These data indicate that autophagy plays a protective role and is involved in cisplatin resistance in human lung cancer A549 and H460 cells.
In summary, we found that cisplatin can induce apoptosis, ER stress and autophagy, and ER stress and autophagy are involved in the mechanism of cisplatin resistance in human lung cancer cells. Inhibition of ER stress or autophagy can further increase the apoptosis induced by cisplatin. Therefore, our data suggest that cisplatin-induced ER stress and autophagy may play a protective role in apoptosis induced by cisplatin in human lung cancer cells. 
